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Abstract

Elccuronic broadbanding is a technique whercby very low
frcquency (VLY) antennas can be resonated (retuni:d) synchro-
nously with & frequency-shift-keyed (FsK) signal for trans-
mission of binary data at rates well over 1000 baud, The
purpose of this thesls is to investigate the transmitted
energy density spectrum 1or an eleccrconically broadbanded
VLF antenna system in which & {requency shift can occur only
at the instant of an antenna-current zero-crossing with pos-
ltive slope. A computer solution shows that the transmitted
spectrum Ls approximately equivalent to the spectrum of an
ideal, constant amplitude, FSK signal,

A further investigation, again by computer program,
shows that if the total frequency shift between the marking
and spacing frequencies occurs over a finlte period, rather
than instantancously, then the spectrum's sidelobes will be
reduced significantly, The spectrum for a 27,000 Hz
center-frequency VLF antenna transmitting at 1600 baad by
meang of electronic broadbanding can be reduced frem 3 to 1§
dB in the first five siuvelobes, No evaluatlon is made on
the detectability of the signal with the non-instantanecus

frequency shift, Numerous plots of the tomputer-generated

epectra are lricluded,

vii
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I, Intreduction

The United States Alr Force's survivable Low Frequency
Communication Systum uscs the very low frequency (VLE) por-
tion of th~ spectrum to achlicve reliable long-range commus
nications., 7This thesis 1s an examination of the energy
spectrum of a specific FSK modulation scheme that could be
uscd for VLF coemmunications, In this thesis, frequency-
shift keying is defined as & form of birary frequency modu-
lation in whicih a specific frequency is transmitted for a
digital zero, and a diffcerent trequency is transmitred for
a digital one,

In 1272, Rore Air Development Center sponsored a devel-
opnent contract for the purpose of bullding a prototype
mechant sm that could be used to broaden the apparent band-
width of ccuventisnal VLF antennas so that frequency-shift-
keyed (FSK) sipgnals could be transmitted at higher rates
than those proviously possible, The mechanism was n2mel e
Experimental Transmitting Antenna Modulator (ETAM) and its
desipn was made possible by rhe use of newly-developed,
high-specd, silicon-controlled rectifiers {3CR). The ETAM
is a realization of 4 syncinonous-rescnation broadbanding
technique whcoein the antenna is resonated (retuned) in
accordance with the frequency of the FSik signal belng trans-
mitted. In addition, cach fregucncy change can occur only

at the instant ot an antenna-current zero-cressing witil

1
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positive slope (Ref 4:11-15), The purpose of this thesis is
to determine the frequency spectrum for FSK sipgnals trans-
mitted from a VLF antenna system which uses an electronic
broadbanding device such as the ETAM,

The study is limited to VLF transmitting systems in
wvhich there is no amplitude modulation of the transmitter
voltage envelope, However, in contrast to FSK signals whose
entire {requenny shift occurs instantaneously, this study
includes an analysis of electronically broadbanded systenms

whose frequency transitions are ncn-lastantaneous,

¥
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1I. Bachground .

One method of modulating radio signals for transmission
of digital data is frequeucy-shift keying, wherein a spe-
cific frequency is transmitted for a mark (a digital one) !
and a different frequency is transmitted to signify a space
(a digital zero). Transmission rates for FSK slgnals in the
VLF range (10 - 100 kHz) are severely limited by the band-
width of ccaventional VLF antennas, Because of the extreme-
1y lcng wave lengcths (up to 3C km), VLF antennas are electri-
cally very short, and in order to achieve efficient power
transmission, the antenna/transmitter system must be tuned
to form a high-Q rescnant circuit, The result is that
typical VLF antennas may have a 3 dB bandwidth of 100 Hz or
less (Ref 6:38)., The bandwidth limitation restricts the FSK
transmission rate to approximately 50 baud, or to a total of ﬁ
50 marks and spaces per second, because of the phase distor-
tion and amplitude transients which would occur at higher
transmission rates (Ref 4:1555).
Numerous methods have been investigated te increase

VLF transmitting system bandwidths, but cthe most successful

e

technique is to retune the antenna system in synchroni-
zation with the FSK signal by either capacitance modulation
or by inductance modulation (Ref 4:555), The method of syn-
chronous retuning, or synchronous resonation, can be

described in terms of a mathcmatical model,
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A_VLF Antenna Model

VLF antennas can be modeled as series RLC circuits,
and a generally accepted model is shown in Fig. 1. The
model is valid for <requencies well below the uncompensated
resonance frequency of the antenna, Due to the effects of
the electromagnetic fields, the antenma's apparent in-
ductance varies with frequcncy. For frequencies which are
within the VLF range and that are less than half the uncom-
pensated resonance frequency of the antenna (approximately
100 kHz), the apparent inductance changes by less than 5%

and is considered as a constant (Ref 7:19,645),

=
-t
=
[
ln
(9]
2

k-]
[p]

v(t) Rr 1

U e — ) —— X —aren Y aman omd mdm v m - .
transmitter inteinal reésiscance 1

B
0 r3

copper-loss resistance
radiation resistance
ground-loss resistance
apparent antenna inductance
tuning inductance

antenna static capacitance

|l -,
Lo IR

(@]

Fig. 1, Very-Low-Frequency Antenna Model

4
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The average total power (Pt) transmitted from a VLF

antenna can be expressed asg

P, = 40 " 12 (/m)? wates (1)

where IO i.s the antenna current peak value, h is the effec-
tive height of the antenna, and A is the transmitted wave-
length, From Eq (1), a radiation resistance (Rr) nay be
defined as the resistance which would dissipate Pt watts
when a slnusoidal current with peak value Io flows through

it (Ref 7:1645), Hence,
2 2 2
R. = (2Pt)/10 = 80 n° (h/)) ohms (2)

The radiation resistance for installed VLF antennas
is normally between 0,05 and 0.3 ohms, while the total of

all the other circui. resistances (R_ .) is between 0,1

tor

and 0,7 ohms, The result is that the transmission effi-

clency (Rr/R ) i3 in the 0,25-t0-0.65 range. However,

tot
one modern VLF antenna has a transmission efficiency of
0.88 (Ref 8:il42),

The tuning inductance, L., is added to the circuit

t
in order to lower thie system rescnant frequency from its
uncompensated one to the desired frequency in the VLF range,
Such inductors carry large currents and have been conven-
tionally constructed as air-core coils.

Since the circuit is a familiar RLC circuit, the
system 3 dB Baudwidth is the ratio of the resonant fre-

quency to the system Q. The system Q is the ratio of the
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circuit reactance to the total resistance, The equation for

the bandwidth is
Bandwidth = 2q f2 CR Hz {3)
' *(3dB) tot \

References to bandwidth are to be made with caution,
since 1t must be explicitly stated whether the bandwidth
referred to is the system bandwidth, or that of the
antenna alone, The system bandwidth is twice the antenna
bandwidth, due to the transmitter being matched to the
antenna, which appears 8s a8 resistance at the system
resonant frequency. In this paper, the system bandwidth
will be used unless otherwise stated,

The narrow bandwidth implies that for FSK modulation,
the mark and space frequencies must both be well inside
the 3 dB bandwidth limits, and that the baud rate must be
low enough so that the transmitted signal amplitude and
phase are not unduly di_.terted by transients. Such tran-
sient distortion reduces radiated pcwer and receiver
detection efficiency (Ref 4:556). One method for increasing
the apparent bandwidth, and thereby increasing the potential

baud rave, is that of synchronous resonation.

Energy Relationships for Synchronous Resonation

Higher transmission rates and wider apparent bandwidths
may be achieved for pulsed transmission circuits, such as
for FSK modulation, by a variacion of the following concept,

When it is possible to insert or to remove a portion of one
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type of reactivc element with the appropriatc amount of
stored energy at instants when the other type of reactive
element in a resonant circuit has dissipated all of its
stored energy, then an instantancous steady-state oscilla-
tion is achievable, Such a technique permits instantaneous
switching between a guiescent condition and a steady-state
response. Further, it cnables a2 change in resonant fre-
quency of an oscillating circuit as often as once cach cycle,
In the application to FSK transmission, the transmitter fre-
quency and the circuit's resonant frequency may be simul-
taneously changed without exciting large transients, by
inserting or removing a portion of the reactive element whose
stored energy is at a minlmun, The result is that the
steady-state response Ls obtained almost immediately (Ref 2i
375)., The physics of such a switching operation is apparent
when viewed in a set of differential equacions.

A circuit model from which the circuit differential
equation can be derived is shown in Fig. 2, Each circuit
has a switchable DC source (V or 1) for establishing initial
conditions, but both circuits have the same differential
equation when their respective switches are in pnasition 2,

The equation is

(c)-Lgl+1R+-1— t:(1) dt (4a)
M dt c J..
or,
L e
v(t)=Lq+Rq+é(qo+q) (4b)

where 1 is the time-dependent current and q is the time-

7

P, S S
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lll

- le

va(t) /;E>

Case A: Switched-c Circuit

: 1
ll

}—J\/\/\-—a&—\ﬂmfﬁ SW2

1
vb(t) i@ ~

Case-B:1 Switched-L Circuit

Fig. 2. ‘Switched-Reactance Circuits

dependent capacitor charge, If 1 or q is assumed to

exhibit a zero-trangient response, then the required

jnitial conditions can be determined from Eqs (4a) and (4b).

Assume for Case A, the switched-C circuit of Fig. 2,

that the steady-state current is ia(t) = Iosin(wt) and that

the switch Skl is moved from position 1 to position 2 at

time t = 0, For Case B, the switched-L clircuit of Fig. 2,

assume the steady-state current is ib(t) = Iocos(wt), and

that the switching is the same as for the switched-C circuit,

The result for Case A s

va(t) = wLI cos(wt) + RI sin(wt)

Io 1 0]
+ 3 (l-cos(wt)) + c _j;mia(t) dt
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(j) and the result for Case B is

vb(t) = -wLI, sin(wt) + RI, cos(wt)

Io 1 °
+t sin(wt) + c .j:wib(t) dt (o)

For a resonant circuit, wL = ﬁ%, which enables cancellation .
of two terms in each of Eqs (5) and {6). The results are

32

0
va(®) = RIg sin) + 2+ ¢ [ L@ e ()

O

|
|
l
‘ and
|

1 °

vp(8) =Ry costwr) + ¢ [ 1,(0) ae (8)
1 for Cases A and B, respectively., The integral terms of
! () Eqs (7) and (8) are the initial voltages on the capacitors.
} If the voltage generator V for Case A equaled
§

1
. o
V=g

o
[ 1ato ar = - 22 (9) ‘H

and Lf the initial current 1a(0) = 0, or if the capacitor

voltage for Case B was :
1 © | F
; 1 f 1(e) de = 0 (10)
: B ]
and the current source I = 1b(0) = 1,+ then ia(t) and 1b(t) ; T

would be zero-transient sinusoids, If different assumptions

v had been made, such as 1a(t) = Iocos(wt) or 1(b) = Iosln(wt).

then the exacr initial conditions I = 13(0) =1, (for the
I
switched-C case) and V = - ;g (for the switched-L case)

required for a zero-transient response could not be obtained,

9
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The application of the above principle to 2 circuit
operating at resonance can result in a freyuency-change
current transient that is a small fraction of the steady-
state current amplitude, Fig., 3 depicts the relations
which yield such a shitt., To make a transient-less fre-
quency change to Ios;n(wc). the gurrent must be zero and

the capacitor voltage must be - ;%. Such constraints on the

current are satisfied every 2nm radians, but the capacitor

J[1(:) dr — L’/\L - t
1(t) \\

\
VIRV ARV ARV
po NN /L
‘“ B\/ \/

A AB AB A B

Fig. 3. Steady-State Current Relations

voltage constraint is not met exactly, The capacitor is
charged to -IO/(woC). where L is the radian frequency prior
to the change, and such points are designated by "A" on Fig.
3, To make a change to Iocos(wt), the capacitor vultage

must be zero and the current must be at a maximum, Such

10
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(59 time points are designated as "B" on Fig. 3, A change
to Iocds(wc) would have no transient because the current
peak 1s independent of the resonant frequency, Therefore,
an ideal frequency change can be made by modulating the
capaclvor when its voltage is zero, or a near-ideal fre- i
quency change can be made by adjusting the inductor when h
the current is zero and the capacitor voiiage i3 aL o
negative peak (a minimum). For the two cases discussed
in this paragraph, the capacitor energy (CV2/2) and the
inductor energy (L12/2) are at mutually exclusive maxina, \
that is, one or the other has all the stored energy at the :
time of the change (Ref 2:376). 1 ;
| Synchronous resonation schemes have been attempted :
(j) both through capacitor modulation and through inductor ;

- R B .
UucC Lear Hodula i Lull cadt ©Xxlll-

a2 ~al e T Y AT L —
HMLVUULALLIUIL \Q[CL L3277 ), 1

he ind
its an almost negligible transient if the frequency shift is : 1
small in comparison to the resonant frequency. The system

whose spectrum is sought uses induction modulation; however, !

it can achleve frequency shifts which are significant in

comparison to the resonant frequency,

1 A General Switched-L Circuit for FSK Transmission

The circuit of Fig, 4 is capable of a zero-transient
frequency shift for the cos(wt) form, or those denoted by
*B" on Fig. 3, For the sin(wt)-type frequency shift, or
those which are denoted by "A", a transient response will

(t) occur, For the type-B {cos(wt)) shifts, the initial

condition generator must create a current, I , in the
11
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Fig. 4. switched-L Synchronous Resonator

switching inductor, Ls' and the voltage sources must

be changed simultaneously with the Ls switches. The ad-
dition of Ls will lower the resonant frequency, To retugn
to the original frequency, the ganged switches must be
placed to thelr original position when the curreni Ls at a
positive maximum. However, the type-A (sin{wt)) shifts can
be achieved Lf the current source is a short clirculit, and
if the frequency transition occurs at an antenna-current
zero-crossing with positive slope. 1The addition of Ls will
again lower the resonant frequency, and the transient is
caused by the mismatch in the capacitor voltage, The
capacitor ls charged to a maximum energy level at one fre-
quency: however, the frequency change corresponds to a
different capacitive reactance and therefore to different
voltage and energy levels from those which are necessary for

a zero-transient response,

12
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In both the exanmple cases, thie voltage sources arc
assumed to have phase continuity., That is, at the time of
cach frequency change, there is no instantangeus jump in
the voltapge phase, Such a constralnt implles a speclsal
synchronization between the sources, 85 well as between the
circult current and the switching time of Ls* Appropriatce
synchronization and control circuits were developed for che

ETAM (Ref 4:17),

An Antenna Modulator fox Synchronous Resonation

A model of a4 synchronously resonated antenna modulator
for FSK transmission is shown in Fig, 5, The model is a
variation of the circuit in Fig., 4, in that the effective
primary inductance is Ll if the switch is open, and the in-
ductance changes tce approximately Ll - (MZILZ). with R2 very

smail, when the switch is closed. Not shown in Fig. 5 is a

\u“v“—%}——xiLlQﬁg———n3 /\/\——]
v(t) (v 1f\) Eg*- (E;:

er total transmitter and antennz resiscances
RZ resiscance of the tur.ng coil

C antenna static capacitance

L. antenna apparent inductance

Ll sum of the helix and tuner inductrances

M mutual coupling inductance

LZ tuning coll self-inductance

]

Fig. S, An Inductively-Ccupled Synchronous Resonator
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timiny circuit which enables the switch to open or to cluse
and which changes the frequency of the source at the instant
sf an antenpa-rgrrent zero-crossing,

Oierational, synchronously resonated FoK systems uac
a saturable reactor or an electronically switched inductive
shorting ring technique to #chieve broadbanding., Either
technlique can be modeled as the circuic of Fig. 5. Such
broadbanding methods are, however, limited by the large
inherent saturablc¢-reactor time-constant, or they are
limited by the speed of the solid stace switches, The two
tine delays cause an error in the switching instant and a
prominent phase transient occurs for transmission rates
higher than 50 baud (Ref 3i555),

The ETAM has demonstrated that VLK antennas can be
synciizonously resonadted £ov broadbandiing by inductors whi
are magnetically coupled to the antenna tuning inductance,
and that are short- or open-circulted with newly-developed,
high-speed, silicon-controlled reccifiers, The result is .
that the resonant frequency of the system instantaneously s
follows the frequency to be transmitted, although & tran-
sient does occur due to the capacltor volrage error. the
high-current, high-voltage rectifiers are triggered so thatu
in this switched-L configuration ail changes in resonant

frequency occur at the instant of an antenna-current zero-

crossing,
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Implications

The luplications of electronic broadbanding are that
VLF FSK tranSmiSSions can now be made at rates much higher
than previously feasible, and in addition, the shift between
the marking and spacing frequenclies can be many times the
system bandwidth, The enerpgy spectrum for the synchronously
resonated, FSX, antenna current at the higher baud rate will

therefore be far wider than the bandwicth for an antenna

without synchronous resonation,
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ITI, Current Analysis for Synchronously Resonstad Autennas

The preceding chapter containe & circuit diagram for an
inductively-coup:ed antenna resonator for electronically-
broadbended FSK transmission, The purpose of Chapter III is
to develop an expression for the antenna-current transient
response of antennas which use the resonater, and to develop

an expression for the capacitor voltage errox,

Antenna Transient Analysis

1f the antenna circuit is considered as an RLC circuirt,
then its differenctial equation is that of Eqs (42) and (4b),
Gamble (Ref 31Appendix B) has shown that if the steady-state
current is v(t) = A sin(wot). then the steady-state capac-

itor charge is expresssd by

- E%; cos(w_t) (i1)
if
(%21:)2 << zle (12)

Fig, ¢ indicates that an inductance, Ls. is add=d to or
removed from the circuit at each frequency cha.ge. If Eq (4Db) )

is expressed as

qQ+ 209 + wiq = { v() (13)
where
R
o =3 (14a)
16
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and

(14Dp)

S

and if an inductance, Ls. is added to the circuit, then

Eqs (14a) and (14b) are changed to

— R
o 2(L+L55 (15)
and
w2 - 1 (16)
1° A 6

If the source is simultaneously set to v(t) = A‘sin(wlt).

then Eq {(13) is changed to

q'+ 20,9 + w%q = tf%; sin(wlt) (17)

and the Laplace transform of Eq (17) is

s%Q(s) - sq(0) - q(o) + 20y5Q(s) - 2aja(o) + WfQ(s) =

e e S
8§ 8 Wl

The proper capacitor charge for a zero-transient response
at radian-frequency Wy is

-» R sin(wlt) dt = q{o) = - ﬁ;; (19)

in accordance with Eq (9), However, & voltage error does
exist and departure from Gamble's analysis (Ref 3sAppendix B)

allows the inltial charge to be redefined as

a(o) = -;;%I(lm) (20)

17
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where Yi is the capacitor-charge error-fraction. The

subscript 1 is for parameters at the shift to any general

frequency wi. 1f Eq (15) is rewritten

2__A R _2A
R (L+L;7 2R %1

then substitution of Eqs (20) and (21) into (18) ylelds

”
Q(s)[s“d-Zals + w%] + §%I(1 + yl)[s + 2&1] =
ZAa1 Wy

. g

(21)

(22)

]
where q{o) = i(o) = 0 for an antenna-current zero-crossing.,

Then ( )
A s s + al + al
Ws) = g L2+ 771 ]
1 s° + wy (s + al) - W
where
wi = w% - a?

The inverse Laplace transform yields q(t), and differen-

tiation of q(t) gives the current i(t). Since, from Eq
2 2
ay <= w
then
wnﬁwl

The complete response, L(t), is

i(e) = f: 1+ ¥ exp(-alt)] sin(wlt)

where Eqs (15), (16) and (20) define the parameters.

18
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A more meaningful form of Eq (27) is produced when the

relation W
f; &5 1k 1
BW = Bandwidth(44py = 5 = WL TME W (28)
R

s substituted into the exponential term of Eq (27), The
result is

i(r) = R‘-\— [1+ vy exp(- m BW t)] Sin(wlt) (29)

1
Eq (29) emphasizes that the transient term decays more

rapidly when the antenna bandwidth is increased,

The antenna current expressions, Eqs (27) and (29), are
based upon having a knowledge of the error fraction, Yy at
the time of the frequency shift. Given such information, an
error fraction can be calculated for a frequency shift which

occurs at any ensuing antenna-current zero-¢rossing,

Error Fraction Calculations

The capacitor voltage at time t can be expressed as

t
vc(t) = é-J[O i(g) do + k (30)

where k is the voltage at t = 0 and i(t) is from Eq (27).

The constraints c¢f Eqs (12) and (25), with the requirement
that all error-fraction calculations need be made only at the
instant of an antenna-current zero-crossing (that is, when
an integer-multiple of cycles has been completed), yield

A 21na
Vc L] Ya .Cm- [1 - exp(- wa )] + ka (31)

19
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Fig., 6 depicts the time relatisns for Eqs (32) and (33)
below. From Eq (20), the initial capacito:r voltage at

time t = 0 is

- R () (32)

aa

and tlie voltage at the instant of a later frequency change

may be similarly expressed as

A
- === (1 +y) (33)
wbRbC b

k cycles of m cycles of
Eq (27) @ n cycles of Eq (27) Eq (27) @
W rad, /sec, @ w, radians/second w,, rad,/sec,
,/A~_——~"‘~\//""‘-———”~—-———’“‘““~\V//"“%—--—z\_

| i

— — €
E | £2

i(— (tz-tl) = 2—3:— —)‘

v (ty) = -A__ (1 + y,) = capacitor voltage at t,

c W
CRa¥a

v (ty) = -A__ {1 + y,) = capecitor voltage at t;
CRywy

Ya = a known (specifies) error-fraction

Yp = the calculated error-fraction for a
frequency change 2nm seconds after t,.

Ya

Fig. 6. General Error-Fraction Time Relations
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Substitution of Eqs (32) and (33) into Eq (31) yields

_ wab (1 + ox (-Znnaa)] 1 (36)
Yp R,v, Ya €XP W,

from Vhich the error {raction at the next frequency shift
/

can be calculated., Egs (27) and (34) provide a method of

calchlating the antenna current, given & specific FSK bit

steam,

T
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IV, Spectral Analysis for Synchronously Resonated Antennas

In Chapter I1I, expressions for the antenna current and
for the capacitor voltage error were developed, In Chapter
IV a method 1s developed for finding the encrgy spectrum of
FSK signals which are transmitted through a synchronously
resonated, VLF antenna that is retuned to the marking and

spacing frequency at the instant of the antenna-current

zZero-crossing,

Examination of the Signal

The signal set which determines what is to be trans-
mitted is a bit stream of marks and spaces, or ones and
zeros;, Such a binary bit stream is similar to the output
from a teletype or from a binary encryption device, For
this study the bit stream is assumed to be a series of
independent, equiprcbable ones and zeros.

By assuming that n (the number of cycles) is infinite
for Eq (34), one can calculate the maxinmum error fraction at
the instant of a freguency change which occurs after steady-
state oscillation has been reached, Consider that for a
change to the higher frequency Eq (34) gives the maximum
error-fraction as +0.1, and for a change to the lower fre-
quency Eq (34) gives the maximum error-fraction as -0.1,
However, for the transmission of a random bit-stream the

error-fraction would not reach those maxima, The values

22
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that the error-fractions assume are distributed in an
unspecified manner between the two maxima, For example, if
an antenna with a 3 dB static bandwidth of 65 Hz is synchro-
nously resonated, then the time constant shown in Eq (29) for
the decay of the transient would be (1/(wEW)) = 0,005
seconds, 7The transient would exist for approximately 0,025
seconds, and it would fully decay only for transmission rates
less than 40 baud, The transient essentially never fully
decays for high-baud systems suchk as are within the capa-
bility of the ETAM,

Comparison of Eqs (27) and (34) with Fig. 5 reveals the
following constraints upon the system. At the time of change
to a higher frequency, the switch SW is closed, thereby
reducing the total inductance in the system, However, the

—_— el _ e~

switch and ¢oll resistance, RZ' 15 reflecred back inro

!

1
Y
(b]

primary in accordance with the mutual coupling between the
colls, The result is that tie inductance is decreased by
Lg and the resistance is increased by the reflected value of
RZ' so that the system bandwidth is increased, The converse
happens when the lower frequency is switched, i.e,, the
system bandwidth is decreased. Examination of Eq (27) shows
that the steady-state current for the higher frequency is
smaller than that for the lower freguency, because the total
circuit resistance is larger for the higher frequency signal
and the peak source voltage, A, remains constant, As an
illustration, assume for a specific transmitting system that

the total resistance is increased by 15% for the higher

23
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frequency and that the error fraction maxima are +0,1 and
«0,1. The resistance difference and the error fraction
maxima have becn used in Fig. 7 to depict the antenna
currert that results from transmission of a random bit
stream, Only the envelope of the sinuscidal antenna current

is showu in Fig. 7.

. envelope discontinuity caused by capacitor voltage error N
8 N \ -}
'9| 1- 0 \ 1 .
m \‘/ B .
& ///’///”’ P
- a- ‘.
g .82 — — //' - -
| )
X o > pr P2 o P4 >
' g steadystate amplitude for the higher frequency
{ g steadystate amplitude for the lower frequency
- .
o A
o 0.6T 1’ T T , ,T R 'T:; t b
Y A ma TeemY mem Mace o 2 Der DacmAmm Dl Coommese
VU / LULLCLUL SIIVTALUDT LayotTu Ly naliuwvi AMalL aLliTeg
{ 5
a1 - i
g ——zap € :
£ 0 . i
a (a) Random Bit Stream !

Fig. 7, Antenna Current EnVelope
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The data shown on Fig. 7 do not indicate that cach
frequency shift occurs only at the instant of an antenna-
current zero-crossing. Fig. 8, however, illustrates the
current/time relations near a key-shift point. The fre-
quencies, decay rates, and stecady-state current levels are
for 1llustrative purposes only., The important feature of
Fig. 8 is that the frequency shift must occur within one
cycle of the frequency which existed prior to the key shift.
The change could occur anywhere from the instant of the key
shift up to one full cycle later, depending upon the phase

of the antenna current at the instant of the key shift.

7\ /\
A A N S
VAU

\\downshift instant
upshift instant

Y™\ I/\/‘\/

ANYAN
’ \AU&

Note: Switching trensients are omitted for clarity,

(a2)
Downshiftc

Current

key-shift instant —

(b)
Upshift

Current
T —

Fig., 8, Downshift and Upshift Antenna Current Relations
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The Stochastic Process

1f the expected value of & stochastic process is
constant in time, and if the autocorrelation function of the
process is a function only of the time difference (t1 - tz),
then the process ig wide-sense statlonary and the power spec-
trum for the process is the Fourier transform of the auto-
correlation function, Bennett and Rice (Ref 1:2355-2385)
used those concepts to develop the power spectrum for a dif-
ferent type of FSK signal from that which has been described
in this paper, The signal which Bennett and Rice used was
phase-continuous (as is the ETAM signal), but the frequency
changes occurred at the time of the key-shift; i.e., there
was no delay due to'the antennd-current zero-crossing. 1In
addition, their signal did not include any transient anal-
vsis, but their simplificatrions and the postulation of a
uniform density for the signal's phase at a frequency shift
resulted in an analytic expression for the described power
spectrum, One important result of Bennett and Rice's work
is that the analytic expression showed that the power spec-
trum for a cerraip ¢lass of FSK signals decreases rapidly
with respect to frequencies away from the transmitting
system's center frequency, That class of FSK signals has a
modulation index (M) that is 0.5, where

fu = f1

® Paud Rate (35)

M

and where fu = ypper transmitted frequency and fl » lower

transmitted frequency.

26
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If Eq (27) is expressed in a forrz to show onc segment
of onc recalization of the antenna current's stochastlc

process, then
i(e) = {% [1 + y exp(-at)] sin(wt)

0§ctsim (36)

Where y, a, n, W, and R are realizations of random variables.
However, nrobabillity densities may be assumed only for R, a,
and w because they are functions of the underlyling random
telegraph signal whose density function is known (R, a, and

w assumec one of two values), The random varitle n may have

& binomial-type density function, but there is no detinite
data to confirm that, Finally, y's density function can only
be described in terms of its range of values; i,e,, the
maxima described undeir the provicus sub-headinpg. As a resulg,
the mean and autocorrelation of the ETAM process cannot be
calculated directly. As a hypotheslis, however, the ETAM’s
power spectrum could be very similar to that for Bennett and
Rice's work, because the range for y is in general a small
fraction, and the 1ange of values for n can only be different
by a fraction of a cycle when compared to Bennett and Rice's
FSK process. Since that hypothesis is only an estimate, the
author chose to develop a general-case, iterative method

for describing the power spectrum for ETAM-produced signals

for any general value of modulation index M,

27
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Solution Method: A Finite-Time Power Spectrum

An expression rclating the cucrgy of a signal v(t)

to that slgnal's Fourler transform is

E = ]’+wf2(t) dt = 5= erm lv(w)l2 dw

oo 5 .
= _[ [(Re(D)Y +(Im(£)) ] df  (37) |

where E is definced as the enerpgy dissipated by voltage f(t)
applied across a one-ohm resistor, or by a current f(t)

through a one-ohm resistor, Eq (37 states that the energy

cf a signal is glveri by the area under the ‘F(w)lz (the

magnitude squared) curve, integrated with respect to the fre-
quency variable f = w/2n (Ref 61127), The power spectrum '
can be interpreted as the energy per unit bandwidrh (in Hz) ‘

contributed by frequency components at frequency f, The

The Fourler transform for a tinite number of cycles of
the antenna current (an n-cycle segment of one realization of

the random process 1i(t)) can be expressed as

D)

1 - - )
Fw) = ¢ =2y + Hygwy (B_-_ABD + ACG)

B2 + é?

units of the encrgy denslty spectrum &re joules per Hz, . ,

(ACD - C + ABG) (38)
B® + C°

+ 3 %?wl + j Hylwl

where
21‘( jeTa § ]
: (38a)

A = exp(- v

28
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2.2 2

B ay +w oW (38b)

C = 2wa, {38c)

D = cos( 2—’35& ) (384)
1

E = w% - wl (38e)

i

G = sin( g%?! ) (38f)

1
Aq
H = R, (38g)

and where Wy is the radian freguency ior that speciric seg-
ment, All the other subscripted parameters must be assigned
&ppropriate values for the conditions at the beglining of the
segment, The defiﬁitions of each of the values are as pre-
sented for those of Eq (27).

The transform of Eq (38) can be adapted to generate the
power spectrum for a {ini
Eq (27) by application of the time-shift theorem, The time-
shift theorem states that if a waveloxm is shifted in time,
thien thre Fourier transform of the shifted wave can be found ;
by multiplying the known transform by exp(-ijd), where T, is
the time to which the waveform is shifted. Hence, the
Fourier transform for a finite number of sequential waveforms
1ike Eg (27) can be found by adding the exp(»ijd)F(w) prod-
uct for each segment, That is possible because the Fowrler
transform is linear and superposition holds.

A finite series of marks and spaces from the underlying

random process gives rise to & finlte sequence c¢f aatenna cur-

29
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rent waveforws (Eq (27)}., Thercfore Eq (38), along with the
time-shifc theorem,can be used to calculate the Foeurier
transform's real and imaginary values at specific frequencies,
The value of the enerpy density spectrum at a specific fre-
quency fi can ther be calculated by
Yy 2o 1 4 e 12 y
() = £§= Rej(fi)j + (L lmj(fi)} (39;
j=i j=1
where Rej(fi) and Imj(fi) are the real and imaginary values
of trhz Fourier transforw of the j-th segment at fraquency fi‘
Eqs (38) and (39) are discontinuous at the {xequency

which 1g being transmitted. An expreassion (via L'Hospital's

rule) thar is valid at the discontinuities is

2
1im F(w) = Py,w, L% €1 = A)] | jondl
FU § -

\ %4
WaWy al(a+ bw?) 1
(-C{1 - A}]
- jliylwll-,:_‘*_ 4 40)
alla? + z.wf)

vhere the parameters are defined as tor Eq (33),.

In order to make the finite-time energy density spec-
trum meaningful for a comparative analysis, the spectral
components must be normalized, and that is done by adjusting
the speetral values at cach frequency so that the area under
the energy spe:trum is one joule, vhen invegrated ecross the
entire frequency domain, One poussible way to do that is to
éivide the energy censity spectrum of Eq (39) by the total
energy. The cnergy (E) of one segment {Eg (27)} of the

antenna current is

30
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2 22 :
1

2 ,mn 1% 2
E = H° (T - —ﬁ—*——~—7(A»1) . gt (A7-1) ) (41)
W aul-rkalwl |

£

-
y—

<

where the parameters are as defined for kq {(38). The total
energy is the sum of the en:crgies for each segment of the '

serlues, i

Kelarions Between the Circuit Parameters

The mechind outlined in the preceding parsgraphs pro-
vides a way to generate the energy density spectrum for the
antenna current resulting frow & finite-~-lenath random tele-
graph signal., There does vemain, however, a sel of unspec-
i{fiec¢ reiations between the parameters of practically all the

preceding equations, Tae parameters are Ra and Rb' the

toxal circuit resistauces for the case of the lower trans-
ritted freguenwy (fa) and the nilg
(fb)' respectively. The 3 db bandwidth and the total induc-
rance for thz lower and higher trapsmitted frequencies have
heen designated Bwa. Bwb, La‘ and Lb' respectively, The

first relationchip between the parameters is
b -~ fﬂ 1
Ry= [1 4+ L015(—5-—) 2 Ry (42)

The relation for Eq (42) is entirely empirical in that it
was formulated from the resuits of Hartley's work which

g{ncluded the resistance of the SCR switches (Ref 4:557).
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2 !
A bocg . bia (43)
a £ a’b
b
from which 2
) £y Ry BW,
- BWb = __Zf - 2 (44) )
a ‘a !

The use of Eq (42), (43) and (44) provides a rational basis
for selection of the parameters for Eqs (27), (34), (39),
(40} and (41),

Generation and Compilation of Spectra

A computer program for calculating the energy density
k spectirum generated by the transmission of a finite-length
random bit-stream tprough a synchronously resonated VLF
antenna was written and used to provide data from which the
spectra for various cases were plotted. The principle ex-
pressions used in the computer program were Eg (38), the

r Fourier transform; Eq (39), the power spectrums Eq {4l), the *
energy in one signal segment; and Eqs (42) - (44), the inter- !

parameter relations, The program is completely general in

! that the modulation index, bandwidth, baud rate and the

marking and spacing frequencies are variables, Appendix A

contains a listing of the fundamental portions of the

program, ]
Since the program is completely general, a specific i

set of parameters representing those of a hypothetical VLF

1 ’ transmitting system were chosen to demonstrate the program's

(:) spectrum-generating capabilities, The hypothetical system
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was designed to operate at 27000 Hz center frequency with a
3 dB bandwidth of 65 Hz. Given those coustraints, Wwatt's
work (Ref 8:125-.140) was examincd to determine a reasonable
value for the antenna's static capacitance &nd the value of
0,05 microfarad was chosen. Eq (3) then gave 0,28 ohms as
the total circuit resistance at the lower frequency. The
remaining inter-parameter relations were determined in the
program by use of Eqs {(28), (42) and (44),.

Trial program runs showed that the energy density spec-
trum for individual cases reached a definite pattern after
as few as 200 random bits were read and processed, The spe-
ciric cases that were run for this thesis all had an iden-
tical random bit stream which was 1000 bits long. That
choice provided for a comparison between specific cases in
which the baud rate and the modulation index {Eq {35)} wcre
varied,

The energy dengity spectra were plotted by using a sep-
arate computer program, but the resulting plots were not welil
sulted to comparative purposes because the spectrum line was
Jagged and greater than one inch wide, As & result, a
sucothing routine was developed for the plotting program,
and that particular set of Fortran instructions is listed
in Appendix A, The entire plotting routine was not in-
cluded because, while the Fortran language is general, the 5
auxiliary plotters are certainly not, All of the plots ‘
shown in the remainder of this thesis have been smoothed

by that routine,
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The program was used to examine several cases for the /
above-specified antenna using an ETAM-like synchronous
resonation system, For the first set of six plots, Figs.
9 - 14, the baud rate was varied from 125 to 2000 in order
to examine how the main, or center, lobe ¢of the energy

density spectrum varied with the baud rate, The next three

plots, Figs, 15 - 17, are for cases where the baud rate
remains constant at 540, but the modulation index is varied,
Each of the plots mentloned above is a portion of a
noimalized energy density spectrum; i.e., the entire spec-
trum has one joule under the curve. The upper and lower \
transmitting frequencies are marked on the plots, and the
normalized energy under the curve on each plot has been
integrated and entered in the header at the top of the plots,
Due to the finite length and the random nature of the bit
stream, the integrated energy varies from 0,92 to 1.04
joules; hence, the number shown on the plots must be inter-
preted liberally. The "steps/shift = 1" entry indicates ﬂ
that the frequency shift for that plot was an instantaneous
shift; i,e,, the entire shift occurred in one step at the ; 1

instant of the antenna-current zero-crossing,
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L V. Freguency Modulation for Spectyum Shaping

et

A method for determining the energy aensity spectrum
for the vransmisgsion of FSK data through & synchronously
resonated VLF antenna was shown in Chapter 1IV. The aecthod
was programmed in rortran and the results of that program
appear on computer-generated plets under tioe last sub-
heading of Chapter 1V, 1In Chapter V, an investigation is
made to determine the effect of f{requency modulation on
reducing the width of the energy spectrum’s ma&in lobe and on
rveducing the spectrum's magnitude at frequencies iar removed

from the system's center-frequency,

Waat _Type of Modulation? :

The sponsor for tris thecis, RADC, requested that the
ef fects of making the frequency changes between fa and fb
over a discrere time period (rather that the tofal shift
occurring at the instant of the anteuna-current zero- u‘
crossing) be investigated as & weans of reaucing ouk-of -band
spectra, The frequencies fa and fb arv the lower and higher
trancmitted signals,

As mentioned in Chapter II, synchronously resonated
antennas could have a theoretical zero-transient frequency
change once each cycle, At the . Xt antenna-curreut zexo-
crossing, Changes that do not occur at the zZero-crossing can

’) cause slgnificant current transicnts which reduce the signal's
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detectability and putentially can caduse damage to the SCR
switches, Hence, a fezsible and desirable method of fre-
quency modulation for a synchronously resonated antenna is
to approximate the desired frequency/time selatiouship with
incremental frequency changes, e€acn occurring at an antenna-
current zero-crossing and each lasting at least one complete
cycle,

There sre limitations as to how much freguency modu-
lation can occur for one specific key-shift, because for
the higher key-shift rates at VLF, there are a small nunbar
of individual cycles for each individual baud, Fov example,
a 1500 baud keying rate tiansmitted on a system with a
center frequency of 27,000 Hx results in each mark or space
having 16 cr 17 cycles., The frequency medulation cercainly
tion of the transmitted signal will be degraded in an unspe-
cified manner as the time period for the shaping is increased,
There is simply no time for eimborate frequency shaping
schemes,

For this thesis, therefcre, &n approximacion to linear
frequency modulaticn is the only case investigated for
spoetre reduction, Fige. 18 shows a frequency/time chart for
(1) & segment of an ¥SK uigral, (2) the same signal wich
linesr frequency wordulation, and (3) the discrete step
frequency mcdularion that is within the capabilities of a

slightly modified ETAM circuit,
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(a) Single-Step Switching

AN A
e NS

(b) Linear Frequency Shift
fb [-"--"—‘*] [_J—-—“-—-“—“

J ]: l = T
fs

(c) Multi.Step Switching

Fig. 18, Multi.Step Switching for FSK Signals

Modification of the Program

The program was modified so that the number of steps,
or the number of discrete frequency changes for a single key-
shift, could be specified by a data card, The result is that
the finite-time spectrum for a random bit-stream could be
calculated for an arbitrary amount of fregquency modulation,
or an arbitrary number of discrete steps, The transmitter
frequency shift and the system resonant frequency shift
was the same for each discrete step, as shown on Fig. 18,

The spectra for several cases is plotted on Figs. 19
through 29, 1In each case, the center frequency is 27,000

Hz, and the baud rate is 1600, The spectra were calculated
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(i) for the number of steps per shift being equal to 1, 5, 10,
' and 15, Three frequency bands were plotted for each of the
four different cases, the bands being 0 - 32000 Hz (Low-
Band), 25400 - 28600 Hz (Mid-Band), and 32000 - 64000 Hz
(High-Band). The same 1000 bit data stream that was used
on the single-step cases was used on the multi-step cases.
In addition, the error fraction was calculated for each

| single cycle in the nulti-step frequency transitions,

A s o ALl & e WA 4 i PR

47 é




—ar

GE/EE/734-10

*1 = sdoag 03 exaoads pueg-mol ‘g1 ‘314

"ZH *AIN3ND3Y4

0002€E 00082 000¥2 . 00002 00091 0021 0008 00av 0
Ns
YRRV (VAVAVAVAVAV:
E S
pP= £ r 3
W W
R p A Y e ©
i M -
A 7 { E_*
W i =
) E -
v ] r -
<. 2=
: E &
/ I
C/\ nm
’ "I.'
m w
[ o
I :14IHS/Sd3LS ‘M 966870 = ADY3INI 0IHJHYD *ZH DDPLZ O34 ¥3ddN X Dz

0S°0 X30N! "0OW "ZH  S9 = HIOIMONBE J1181S

“ZH 008&Z2 "D3¥d ¥3MON O

ADQYINT 0321 THWYON

O
Q

48




A-10

GE/EE

*¢ = sdelas Jo3 eiazoads pueg-mo1 ‘gz 911
"ZH *AONIND3Y4
0002< oommw oom¢N 0000¢ oomw~ Go0et opow oﬂmv @

L= m.
R bﬂ \> A m. A mnwwo

/ _
WYYV V.ViVIVIViIVAVAVIY =
i VA ARG
: g - H
i W
-y mrla_.:
) ? =X
._ , 2
W

\[

F!TTTT'T
;.0

y

-

T

S

$14IHS/8d31S
0SS0 X30NI QoW

"ZH  s9

T yL18T0 =

AQ¥3N3I 03HJYAT

= HIOIMONHE 311448

“ZH 00vL2 "D3¥E d3ddN K
*ZH 00992 "B3Y¥4 ¥3Men @

.0V ,.07, 01

49




‘01 = sdaag 103 exadads pueg-moT °*[Z 214

"ZH *ASN3N23¥d
0002E 00082 000¥%2 00902 00081 00021 6008 000¥

Q
P —
B mo
, . = =z
U WY N S A W | B 55
% N VIViViIVAVAVAVANGE
4 N EFLWAWAWAW. \ E 2D
< < v : ol
; E opy
T~ M
y /., 77\.\ V O O
E L
pe
/ -C M
A F_ 20
ml @
CO
_‘ E &
\ { =
J«.ﬂ H.;Tl.l,
S EO
P 2,
~ e
, /LI._ 01 =14IHS/8431l8 P SDZ28°0 = AAH3NI 0344839 “ZH DDPLZ tD3¥L ¥3d4d4n X . nU..o
, ﬂ 0S80 X3ONI “0OOH *ZH SS9 = H10IMONB8 JI1lH1S *ZH Dpegsg "hIidd ¥3M0N @
B
O




GE/EE/73A-10

e v Sew

'GT = §da1S I0] eIloads pueg-moT]

"7 "9

000¢e 00082

“ZH *AJIN3INC3Y4
000Y2 00002 00091 00031

oObw

oowv

L-—c3-

T - O

PNV VV.V.ViViVAVAV

T

WCAAAAGRNS

ey

axf\

LUARAR]

LHURE L

LUAR

LRI

LLARI

LUAR

mﬁuhm~IW\meEw .j¢m~m.o
DS'0 X30NI "00h "2H SS =

= AQ¥3N3I 03HdBD
rpoﬁxozmmuapmpw

“ZH CD¥LZ2 "B3dd d34dN X
“ZH 02932 "B3d4 43MOT O

,07,.07,07,01,07,07,.07,0%, 07,0}

AODYINT 03Z1THWYON

s emmm e g

51




- et N e e e

(
- S e s e ——— o
1
}
!

‘¢ = sdalig 103 eJ3o0ads pueg-pPIW ‘£ ‘313

GE/EE/73A-10

i
w
!
!
i

© "ZH *AONZND3YJ 1.
p0S8e oowww oombw ooﬁrw oo._urm.w 00582 oo_Nm‘N oowmw 0¥ Se

g 7
-.U [
| 3= -
E S
A i E 3
| =F= .
| e m
L~ i
| _ 1
. A S -]
' o m
(? 1\< < [ 8z A
E M
L  :
X b} aa 3
Tt A
_ Ec =
:
{; ;b :@g r»\, E_
aic <<< _Lq o
[ &
F
.I
_ S :131HS/5d31S N LBY0CT = ADM3NI 03HduH9 *2H ODYLZ “DH3¥I ¥34dN X 0..a
r 0S-0 X3ON! "0k *ZH 59 = HIOIMINBS 211818 *Id 00992 "B3Yd Y3MDT

c - o 0

L. et —Tr—— " —




<

GLE/EE/73A-10

T e ey

‘01 = sdais 03 exioads pued-pPIN  ‘v7 ‘914

00582 oowmw

"ZH T AJININD3YS
co8LZ 00vLe 009L2 00992 00292

DOVSe

wﬂ 12 3
Q
| ? 5
L
o o]
>~ %Q. f, b ’” mT.ww
§ a ; M JL \ U ﬁal
3 T I
C N
r m
i b? E O
[
W 1 5
-
Wy 2
, A o
-
v o
fkyygdﬂ}kﬁia’?%&(c mvs
:é éc Ty =
[ &
E.
0! :14IHS/Sd31S ‘TEISOTT = ADY3INZ 03IHIHAOD *Z2H 00¥LZ "O3YI ¥3I4dN X nw
0SS0 X30N!l “CoHW "ZH SS9 = HIOIMONEY J[1dIS *ZH Dnmww..uumm J43M01 O

53

c -

v -

SR p el

[ERUNLS <

ane

N e gy s ¢ g

R L L I T o s




j
q
!
¢
%
'

*G1 = sdais I03 eaadads pueg-piW °G7 ‘9 1

[ | “ZH *AJNIND3&S

oommw 00¢8¢ 008LS 00vLe 000L¢ 0098¢ 30¢9¢ 0085¢ 00vY 52

i
| |

LI AR
'9_0 I

ikEmEs)
01

.01

Ty

.01

AJAINT (IZTTBHYON

LURR I

T M

)01

LLILARLESS

.01

my

.01

T Y ]
) Yy !
&
N
o ST :13IHS/Sd31S "P 282071 = AD¥IND 0IHJBYO "ZH 00YLZ D3Yd ¥3ddN X
3 0S'0 X30NI 0o "ZH S9 = HIOIMANES JLLiH1S "2H 00992 '03¥4 ¥3M01 @
2

M N

h e vy - -




*1 = sdaig 103 exioads pueg-udiy ‘97 ‘9I1J
"ZH *AJN3INEG2YI
V. oo@vw oﬂ%om D00SS oommm oomwv oomx:v oomov oommm £00cE
B
N =~
- T O
y =
i My - 3
r D
< <~< é‘ —“ J. L Drm. A R ,_st H
, | Y : U.Z
ﬁ “J I sm
X' r ©
é AN Pz
{ 4 | | ”nT. _|N_._
1 | ‘Qé o =
F Q@
T _) _
A >
vits,
o _
<
o™
< —
w.._y I *13IHS/Sd3IS P DO00T0 = A9HAN3 I3KHJBNED *ZH 00¢¥LZ "B3MI ¥3ddN X 0:..
Py DS°0 X3CNI "0ON "2ZH S99 = HIDIMONYE J211HlS *ZH 00992 "03¥3 ¥3MBT
, O
r'\'.lr A o ™ a . _ o -

e

i




Pt C e e - e et v e i kT I OE TR

‘¢ = sdais 03 eaioads pueg-ydily ‘*fz ‘914 |

GE/EE/73A-10

e et ol

"ZH *ASNINQ383
oomvw oomow oommm oomwm oommv oo~o.~v oo_o_uv oomwm 0002¢e ;
-m mm
H ...ZN i
M 3
| :
| _ H _....m,
O —
\ -
1 (-
. | ]
! , ]
s
,;3??\31 Lo oz
T | = 5
‘ _ 5
| . . , ]
n N
_? i m
T R S
H
i
I
Y
S lJIHS/8431S 000070 = AD¥3N3 (3KHJUHD "ZH 00%LZ "03¥d ¥3ddn X nun..
0SS0 X3ON! "0OW "ZH 89 = HIOIMONHS JI1BIS *ZH 00882 "B3y¥Z ¥2Mo @
e L . - et e g

S - B i NS S . -

T e - g —




<

oomww

sdalg 3037 evI3oads pueg-ydiy

"ZH

oomwm

-y

———

——
I
-

t14IHS/Sd3LS
0S°0 X3ONI

' gocoto
*Zd S8 =

GL/EE/73A-10

*AJNIND3Y4

1

Y
21-0

LRAR LI ]

T

n-UI

57

AR RSN

AJUINT 03ZTTHWYON

AV

001

Taryey e

.07

T

LA R

AQ¥3N3 C3HdH4D
HiOIMONBE J11iHIS

“ZH CO7LE "D3¥3 ¥3adll X
*ZH4 00984 "B ¥3MON W

.01




b ad

GE/EE/73A-10

{

‘€] = 3dd1S aC3J eald20dsS puevy-uyJdiH ‘67 ‘914
TZH CAININDIYA
D0O¥ 9 oo;om.m oommm ooﬁmmm oommv oobr» coWov oomwm 000¢2E
o
; - L=
S =
* i s
v f J | \, - =
i M { b - o
1 al d.ﬁ 1 I
1 3 —
AL ARk Cle
1 VAVAVAR LN I o
AR -
( , -
WA LM\;ML}‘ L P 1 . Z
' i i ~ Q=
/ C ,(\ \ , M ! F K - LD
g o<
M { _l
,ﬂ , it
, ,. AL E
1Y Cf o
Vix
- - “r.
m| Sl :lJIHS/58d318 M 00CCT0 = ASHMINI D3HJDYEG 24 Dhvie "H3IYI H3JLN X U.r
£S"0 X20NI "00W "ZH SS9 = HIJIMCNBE 11418 "2 00SS¢ "D3Yd 43400 O

J

(

58

.




Q)

W e

MR C ik

aind - o —
GE/EE/%?;[\ ' — -~

-10

VI. Comparisons

The comparisons are divided into two sections which

are the single-step cases and the multi-step cases,

The Sinple-Step Cases

Figs. 9 through 14 are plots of the spectra for FSK
signals in which the baud rares is varied and the modulation
index is held constant. Figs. 15 through 17 are plots of
FSK spectra wherein the modulation index is varied and the
baud rate is held constant, Comparison of the above listed
plots with the equations and plots contained in Bennett and
Rice's paper (Ref 1:2355-2385) reveals that their analytical
expressions (even thouvgh for a slightly different FSK antenna
current than that for the ETAM synchronous resonation circuit)
are quite adequate to express the general characteristics of
the spectra for the ETAM circuit for the cases where the
frequency shift occurs in one step., Specifically, the main
lobe width (for the cases where the modulation index is 0,5)
is equal to 1.5 times the baud rate. For example, Fig, 14
is & spectrum plor for a baud rate of 1600, and the center
lobe is between 25800 Hz and 28200 Hz, The main lobe width
therefore is 2400 Hz = (1600) X (1.5) Hz. 1In addition, the
side lobes each have a width equal to 0.5 times the baud
yate; 1.e,, the sideclobes for the spectrum of Fig. 12 are

400 Hz wide while the baud rate is 800, For comparative
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purposes, a plot of Bennett and Rice's equation for FSK |
(:) spectra with a modulation index = 0,5 is shown in Appendix B,
Figs. 15 through 17 compare closely with Bennett and
Rice's figures for modulation indices of 1,0, 2.0, and 3,0,
The impulses on the spectra were very narrovw in the
unsmnoothed data, and the smoothing routine caused a slight ‘ \

offset of the frequency marker on the figures in this thesis,

The Multi-Step Cases

In order to evaluate the plots of Figs, 19 through 29,
an additional series of plots was prepared on which the
b differences of the spectra for two plots were compared in
decibels, The spectrum for the dividend was the case for
(:) Steps = 1, and the divisor spectrum was one of the cases for
Steps = 5, 10 or 15, At a specific frequency, if the spectra
for the divisor was less than the spectra for the dividend,
then the quotient expressed in dB was positive, Therefore,
: on Figs, 30 through 38, if the spectra ratio in dB is a
positive, then the value of the ¢nergy density spectrum for '
the multi-step case is lower. For example, Fig. 30 {the .?9

low-band (0 - 32000 Hz) comparison of the Steps = 1 case to

the Steps = 5 case} shows that at 22000 Hz the Steps = 5 {
spectrum Ls approximately 12 dB lower than the Steps = 1
spectrum,

An evaluation of Figs, 30 through 35 with the FSK

spectrum in Appendix B reveals four general trends for

(l) multi-step frequency switching., The first is that the main \
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lobe is essentially unchanged, except for the extreme edges
where the stepped cases are as much as seven dB lower., Sec-
ond, the first five sidelobes on each side of the main lobe
are reduced between three and thirteen dB for the Steps = 5
case, between six and eighteen dB for the Steps = 10 case,
and between nine and eighteen dB for the Steps = 15 case,
Third, the sidelobes further removed from the center fre-
quency than the first five sidelobes are, in gencral, recduced
in magnitude by multi-step switching., However, not every
sidelobe is reduced and some are actually increased. The
increases are indicated by spectra ratios that are negative,
Fourth, several sidelobes positioned around the second
harmonic of the center frequency are actually increased by

ten to eighteen dB through multi-step switching.
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—~\ VI1l., Conclusions and Rccommendations

Electronic broadbanding by means of synchronous retuning
is the only practical method for transmitting high data rate,

frequency shift key signals at very low frequencies, Effi- i

clent, high power, high data rate transmissions are not
feasible in conventional VLF systems because of a severe
transmitter/antenna impedance mismatch and because of pro-
hibitive signal phase distortion. However, because the

electronic broadbanding technique shifts the antenna system's

resonant frequency in accordance with the transmicted sipgnal,
the bandwidth of the transmitted signal will be wider than *
<:) the system bandwidth for an antenna that is not synchronously

retuned, This thesis contains a computer program method for

determining the energy spectrum for frequency shift keyed

signals transmitted by synchronously resonated VLF antennas,

Conclusions ,

Sinple-Step Cases, The approximation for the energy M

density spectrum of an FSK signal with a modulation index of ;{

e S T A e e

0.5 that is transmitted by an electronically broadbanded

antenna has shown that the width of the signal's main energy

lobe is equal to 1,5 times the baud rate. In addition, the N
sidelobes each have a width equal to 0,5 times the baud rate,

Those spectrum results were de:ermined by an iterative mechod

(:) which used the specific stc-hastic process for the antenna

71
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VITI, Conclusions and Rccommendatiors

Electronic broadbanding by means of synchronous retuning
is the only prxactical method for transmitting high data rate,
frequency shiit key signals at very low frequencies, Effi-
clent, high power, high data rate transmissions are not
feasible in conventional VLF systems because of a severe
transmitter/antenna impedance mismatch and because of pro-
nibitive signal phase distortion, However, bccause the
electronic broadbarding technique shifts the antenna system's
resonant frequency in accordance with the transmitted sipgnal,
the banawidih of the transmitted signal will be wider than
the system bandwidth for an antznna that is not synchronously
retuned, This thesls contains a computer program method for
deteranining the energr spectrum for Irequency shift keyed

signals transmitted by synchronously resovrated VLF antennas,

Single-Step Cases, The approximarion for the energy

density spectrum of an FSK signal withh a mcdulation index of
0,% that is ©: .asrmitted by an electronically broadbanded
antanna has shown that the width 27 the signal's nain cnergy
lche is egual to 1.5 times the bau rate, In addition, the
siderobes each have a widta equa? to 9.5 times the baud rate,
Those spectrum results were deterimined by an iterative method

whaeth useld the speciiiec stochastic process for the antenna
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current of a synchrcnously resonated VLF antenna, in which
a frequency shift could ecccur only at the instant of an

antenna-current zero-crossing., Also, the algorithm included

the effects of the current transients caused by an inherent
initial condition mismatch,

Bennett und Rice (Ref 112384) found an analytic solution
for the enerpgy spectrum of a significantly diffevent FSK
signal., Their analysis did not irclude any time delays
caused by the antenna-current zero-crossing criteria, nor did
their work includa the effects of the antenna current
switching transients, However, Bennett and Rice's analytic
solution gives the same width for the main and side lobes as
does the iterative ﬁetnod, and the values of the two spectra
are equal within one dB. Bennett and Rice's analytic
solution, then, provides a close approximation to the

iterative method used for this thesis,

Multi-Step Cases, All irequency shifts for the single-

step cases were essentially instantaneous, The multi-step
cases wers devised to determine what spectrum chanpges would
occur if cthe complete frequency shift occupied a finite
time period. The program was nodified to approrimate a
linear FM frequency shift by simulating the transmissicn of
a series of single cycles at incrementally changing fre.
quencies in order to reach a different FSK frequency, The
frequency shift increment for each single cycle was the

same, 8o that the frequency of the last incremental change

was the terminal frequency for that shift, For example, a
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b

Steps = 3 shift completed one cycle at the original fre-
quency plus 1/3 of the total shift, then one eycle was com-
pleted at the original frequency plus 2/3 of the total shift,
and then the final frequency was reached. The spectrum for
a hypothetical 27000 liz center frequency antenna which used
synchronous retuning to transmit FSK data at 1600 baud was
calnulated for Steps = 5, 10, and 15, The results are tnat
the main lobe is essentially unchanged, but the first five
sidelobes on each side of the main iobe are reduced between
three and thirteen dB for the Steps = 5 case, between six
and eighteen dB for the Steps = 10 case, and between nine
and eighteen dB for the Steps = 15 case, The other side-
lobes are generally.decreased by melti-step switching,
although there is an increase in the spectra for all the
multi-step cases near the se~ond harmonic of the center
frequency (54000 Hz), The first sidelobes on either side

of 54000 Hz were increased between 13 and 20 dB,

Recommerdations

Examinatcion of the conclusions and criteria for this
thesis brings forth two recowmendations, The first is thac
the detectability of the signal for the multi-step cases
should be investigated., Even thoupgh there a&re significant
improvements in the transmitted spectrum for a multi-step
case, the approximated linear FM in that signal may degrade
its detectability by standard receivers, Second, the por-

tion of the program which generates the linear frequency

shifts could be modified to approximate a different shifg
73
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(:} pattern so that further improvements in the energy densitcy
spectrum could be investigated, Specifically, the sidelobes

near the sccond harmonic could possibly be reduced by a

ditferent F4 pattern,
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? Appendix A :

Computer Progyams

The main computer program written for this thesis is
1listed on the following pages. The program is written in ;

Extended FORTRAN for the CDC 6600 computer, hence, some of

the Input/Output format statements may not work on all ma-

chines capable of compiling & FORTRAN propram, The type of
| data cards reguired are defined on Comment cards within the
listing. An example set of data cards is shown at the end
of this Appendix.

The product of this program is two arrays, one for a

<:) set of frequency points and one for the corresponding set of

energy density spectrum values for the data stream fed in as

data, or as generated from a random number function. The

} author did not include an output format, but the place to ﬁ

insert a standard textbook variety format was noted in the

-

i | listing., The author used an array cnly for testing of the

routine, then later, he used a Call statement tc a subroutine
for creating a machine piot from these arrays.,

The main portion of the smcothing routine for the
plotting program is included before the data card examples,
The spectrum array peints are very jagged and a smoothing
routine is necessary for a nachine plot or for a set of

¢ ’ points which can be manually plotted. The data cdards shown i

(:} for the pregram contain the parameters for the smoothing
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(:) routine, hence, the parameters are available for the : E
smoothing routine whether it is used in the main prograw 3

or in a plotting subroutine, )
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(:) PROCFAM POTHTS (INPUT,OUTPUT, TAPES=INFUT,TAPEE=0UTPLT, :
TFLCT,FUNCHTAF 3, TAFTY) -
c "
C AFRAYS TA, CLX, LCULSS, AND RATIC MUST FAVE ThE SAME LEMNGTH , g}
b c IN THYS OROCGPAM ARD IN THE SUBROUTINS SFECTRA, |
C 1
[ CCHMFON REA(2002), CLX(200%), ENFEGY :
‘ CIFENSION JOULTS(2003), RATIO(2003) o
# CIFPENSINY GAM1 (1), CA4D (1), STPEANMCICLN) -
ECLIVALENCT (RIA(1), JIULIS(1)), (CLX(1), RATIO(1)) .
c
INTEGER 3IT,ZERCES,CHES,BITO, STREAM , 8
REAL JOULES ' N -
FI12 = 2,%3.1L135C2€535 N
C 4y
' c IMNITIALIZE IMTERNAL VALUES BEFORE FARAMETER CARC IS REAC :
608 J =D A
EITVINMS = 0, :
TOLLAY = 0
LEST? = 0§
X LASTS = g »
2ERCES = 0 ;
. ChNES = O ;
Jizt .
- K =1 »
[ ;
\;) EMNERGY = 0, A
c \

FELD 26N, FHIGH s FLCKWyAMAF K ASPACE EALC,FMIN,FFAX,GAMMA,
IRFARKYRSPACE g By STEFS,PICTPRINGSMCCTHLZCELySREOR,RANCON,

f ZerCTOP :
i
THE FAPAMETERS ARE OEFINEDN BELOW. "9
P FHICH IS THE FICGHLE TRANSMITTED FREGLENCY , a
i FLCK TS THI LCWER TOANSHTITTED FR{CLENCY _ 5
! AMAEK IS Tai ALFHA PARAMETIO FOR THE FICHER PRLOUENCY ¥ :
; WHICH IS ARIITRARTLY CHOSEN TC £¢ TRARSKFITIFG WREN P ‘ !
EINARY ONE 1€ koAU IN THE RIT SI1REMM, :
b . RSFRCL IS THE BAULFHA FARAMETER FGF THE LLRER FREQUENCY, ‘ 5
| EALL TS THT PALL NATL. ‘

FRIM TS THT LChts ECGT FROAMUVENCY CF THY SFLCTRUM WIKTCh,
FEBX IS THT UFFER ELGT FPgNUENCY CF THRE CEECTRUM WINCCH,

CAMMA IS THE INITTAL CTROP FRACT ICh,

FFARK IS THo TCTAL PTISTETAMCE FO9 Thy HICGHER FRIQUIACY.

FESFLCE IS THT YOTAL CCSISTAMIE FCR OTHEZ (UhLs FREGUINCY . :
B XS (HT TRAnI¥1TIL * VOLTAGE AMPLITLCE, LSUALLY 1.0 ;

CTEFS IS5 TYE LWUYEDT OF FRZAUENCY CHARCESS 10 CCMPLIYL A :
SHUTITCH RUTHISN FHIGH AND FLOW, . !

FICT = 4 ENAHLES A FLOYTING SUGPCULIIND; FICT = 0 SKIFE 1T :

FRIN = 1 TRAQLEE FRIGTING OF PARAMIYZRS FCP SUYRQUTINE

SPECTSA CM A0 CALL TC IY. B¢ AwWARE CF T-F ' -

A mAC AR AOAMMOANSSO AN D

" B |
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\OLUME OF CATA WHICH MAY RE PRIMNTICS, IF FRIN = T,
THEEN THZ PRINTEC OUTFUT IS OMITIEC,.

SMCOCTH = 4 ENACLES SHOOTHING IN THE FLOTTINC ROUTINE.

CEL INVIERSZ IS THE LUENGTE OF THZ SMOCTHING 9%K,

FRR(F = 1 ZNABELES SRR?2 FRACTION CELCLLATICHK FOR FACK
CALL 10 SPECTIRA, =RRCR = 0 SITS CGAMMA TO Z2ERQ.

FAMCCM = 1 INAELES CGEMIRATION CF A SANLGM EIT STOZ AV PY
CLLLS TO THC RANDOM NUMPER GENZRATCR. RONIOM = (
TAUSZI THE =171 STCZAM T9 AfE REAT FRCrM CARECS,

SHCTOPR = 1 CAULES THo SHCEITHING RCUTIAZ TC WCRK ON aLL
THe SPRCTRAL CAYA, SPMCTOF = 0 CALSES THt SMGOTHING
FOUTING TO0 SMCCTH THE VALLIZS AND IGACRE THE PEAKS,

¢ & ¥ B > B X 2 o+ X 3 ¥ N B X ¥ ¥ N ¥ NN ¥ S FEERE x N

TRE T0=-0F«FILE ®LAR FOR TAPE(S) IS SET TC CONE IF THEFRE IS '
hO DATA IN ThL INPUT FILE.
IFVEOY (5) .hEL L) STOP

FEAC 2061, LyLS

L IS 34 NUMBE= CF FTINTS BETWEEMN FMIN ANC FPMAY AY
RHICH THE SEZCTCeUM IS CALCULATEC. L MUST NOT RE LARCES
THAN THo DIFFNSICN OF THE ASFAY Fta,

LS IS THT LENGTH CF TH- EIT STRCAM, LS PUST ACT 82 CSLC2TER
THAN THE GIFcANSICN OF THE ARRAY STREAM,

FCRMAT(F15.0)
FCRFAT (15D

ESTANLISHES RATTIAN AND FRZQUCNCY FARAMCTER SFT.
hEREN = PI22FEICH .
WEFACE = PIZ®FLCW N
PNEFN = (WMARK ¢+ WSFACD) /2. )
RFIM = (FMIN/RMTARNYPPI2
FMAX = (TMAX/Rh¥EAN)Y ¥PT2

EUIM = RMIN#RMEAON
YPex = AMAXM RV AN
PEELTA = (WMAX-WMIN } /7 (L-1)
FAEBN = WHTEN/F]Z
FFIBD = WMIN/PIZ
FMAX = WHMRX /s F12

FCELYA = HOELTR2 / FI2

REAFK ANT AMERK DRD TALCULATEND INSTZAC CF FIXEC BY RHAY

WAS RZAQ TN FREVICUSLY,

FEAEK=RIPACT™ (1, +(FHIGH-FLOH) /(2.*ASFACE/FT2)*.N15)
EFPARK=(R]12/72¢) P ((RPARK**2)*PMARK * (Z*ASPACE/FYI2)Y 7 LIKNSFACE
IYIPRLPACT)

CLUERS ARRAYS RFA AND COLYX
£C 502 MM=tgl . - ~
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502

L06

4C2

607

6ui
20z

642

409

60?7

FEA(MY)
CL > (MM)

0.
Ne

H b

FRINTS NUT THE FARAMETLURS THAT HWeRt REAC IN.

FRIRT Lo

FORMAT (141

FRIMNY 4L02,FHICKH,QNMARW ,RMARK, FLON,ASFACE ,KSFACE,
TERLD,FMAX y CPMM By 3 Ly FALIN yUMIN WMA X, R CLLTA

FCRMAT (L4 ,T20,*THI FAPAMETERS RIAC IN HEIRE*y/
1T20,"FHISH®, TLN,*AMACK® , 160, *RMARK*/
QTELHy*FLOY* y TH(,*ASFACT* ) TH0, *RSPACE>/
LT1C,301P 213469 7X) 4/ /
ET1:C,*0AUN*, TLL, "FMAXT ,TEQ,*GAMVA®/
€11¢,3(1PT12,€,7X) 7/
TTeU " AMPLITUPT®*,TLO,*APAY LENGTH*,T€I,*FFMIN®/
BT1C,1FF12,6,T2C,15,T53, 1PI13.€//
CTEZ0 ¥ HMI*, TLY 2 LMAY ", THN,*WDELT A/
PT1€,3(1PZ13.6,7X)V/7/77)

T+TS FILLS THT APCAY STRFAM
IF (FANDOY4.:C.0.: GC TO Au1
LSV = LS - 1

€C E07 TA=1,LCS™

10 = T4
FCA = RPAIS(PLA)
FEN = RANF(FOA)

STREAM(TIA) = 1

IF(RANGLZeTe5) STREAM(IA) = U
CCATYNUE

SYREAM(LS) = 2

CC 70 642

FEAL 202, (STRZAM(IK), IK = 1,LS)
FCRMAY (7211)
IF{EOFi5) Jiite 0} STGF

IF(FPiN,ZQ.0.) GC TO /07

FRINT LN
FCHH‘T(l'H],Tb,‘ST‘J—S“.T15,“15*,T25,'HN',
1TZE,*RNY , Tob, PAN®,TEE, * XS,
CTEEy¥RX*, TTUL,,*L2X* ,TRR,*TLELAY ¥,
AVCE ,*CHNEW*,T106 ,*ENCTGY * 4/

BECIN RTADING AND FROCFSSING THC ST +_D EIT STREANM,

ThE EXAMINATICH OF TYHE STREI M AkKAY,
1T = STREAM(K)

K= kel

IF(FIT.E2.1) CC T E10

IF(EYT.Z2.0) =C YC R13

JF(EIT.2Qe2) CC TC B9

IF(ETT.<N.3) €& TO 6073

¢C 10 603

8¢
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@ ¢
610 CMES = OMES + 3
600 IS (..EQe1) GO TC €03
J s 1
FITC = RIT
c¢c 10 on7
C
613 ZEFCES = ZIZFOES + 1
cc 10 500
c
603 1F(FITLEN.3ITC) GC TO 607
¢C 10 604
C
606 LEST2 =1
€C Y0 604
¢
60¢ LPSTI3 =1
C
c (NEW) VARTACLES ARE F0? SEPIES JUST REAL IN FRCM STSL AW
C C7LD) VARYAPLES ARE FOR FRCVICUS SERTLS CR FCR SEZRIES
\ C TC £F READ FRC~ STREAY NEXT,
c
e . 604 JF(FITO.Z0Q.1) GC 70 611

E171C = BIT
- E11TIrE=s ZoROES/GAUDT 3ITTINC

) JERCES = 0

€05 I1F(.1.72,0) GC TC €14
1F (EPROR NZIc14) GAEW = O

| PREY = WSPACE
{ PhEE = ASPALE
ENEF = RSOACE
i pCLL = AMARK
FCLE = WAASK
| FCLL = RMARK
| ¢C 10 6953 )
¢
} "611 EIVTIME = ONES/EALCHEITTIME
| FITC = RIT K
» CMES = O Sy
1 WNER = WUA2K b
‘ ANER = AMACK !
) | Fheh = RMAOK ;
| ACLL = ASOACE i
ol RCLL = WSPACE
| | FCLL = RSPACE
i ¢t 10 €05
; c
} l c U4 = 0 IF THIS TS TT FIPST SERIES TC 3¢ REAC FPOM STR2Ab.
1

K ' €C 10 623
i 614 CMER = GAMMA
{ _ 1F (ERPOPWNZeda) Gheh = Do
i O Ji = 1
cC T0 023
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(j> C EFANCH POQINT FCR PULTI-STEP SWITCHIMNG,
623 1F(STEFS.Z0,1) CC TGO 637 .
ISVEP = STIrS - 1, i

L WOL"Y

) oLn

' rp AOLD

-

F LC €30 IS = 1, ISTEF

CILCULATZ FREQUENCY AND RAMETERS FCR THRIS SINGLE CYCLE ANC
FCR MEXT SIMGL® CYOL:-,

THIS LONP IMNCRTFMENTS THC PARAMETERS THRCUCH

(STEPS-14) CALLS TC SPCCTRA FOR THE SINCLE CYCLES. '

[aNeNalale NeNe]

THE FARAMETERE FCR THIS SINGLE CYCLE
L3 KN + (WHEIW-HCLD /STEPS
EN AN + (ANTW-ACLC)/STEPS
Fh RN + (RNgh-FCLD)/STEFS

THE PAGAMCTERS FOR THI NEXT SINGLE CYCLE.
'} HN + (WNTWh-WCLC) /STFEFS
‘ FY = RN + (PNCwW=PCLD) /STEPS
k EY = AN + ( ANIh=ACLD)/STZPS

: CPLL SPECTOACAN,WRy 1, 5HEW Ly TOTLAY,,hMIN,HEELTA,A,3N)
: O TE(FRTM.ZC.0.) €C TC 421

FRIMY 410 STUF Sy IS, WMy PH ANy HX P X9y AX 3 TOL LAY s INEW,ENCERCY 1
410 FCRMAT(14 3T3,1Fi1042,2Xs13535Xy163°10.2)

[ M)
"o

(2]

c CPLCULATZS GAMMA FCR THE NEXT FPRECLcNCY,
421 CMNER = ((O2X*FX) Z(RMNPHID) ) * (Lo +GNIW"EXF ((=FIZ*AN) /HN) Y -1,
‘ JF LERFORGNZe14) CNZW = 0O,
! ’ TLELAY = TODELAY + FI2/HM
: $30 CCATINUE 1

i C CETERMINI HUMEZF CF CYCLES TQ MOVE TCZLAY FAST RITTIME.

; 632 r = 1 :
i CYCLE = OPI2/WNTH . ‘.
;‘ 61€¢ JF(MYCYCLZATOZLAYLGEL3ITTIME) GO TC o612 "
H A= Mot

CC 10 616

!

CALCULATIOM OF LCNG SEZYI¥S OF CYCL:S,
1 612 IF(STcFS.ENe1,.) GC TO 632
!
}

C CZLCULATZ INCRIMENTAL (N) VALUZS AND KELF SAME (X) VALLES,

' LY}

) At
)

HX
AX
RX

(1t 1

kX HUNEH = (WNEW=-RCLC)/STCPS

1 c .

I (;> ¢ Tkt FARAMETERS THAT wILL BE HEZODEC FCR THE NEXT SINGLE CYCLE.
|
! BX = ANSH=(ANEW-ACLC) /STEPS - -

82
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(j) FX = PNIWM = (SNik~FCLC)/STEPS
CC 19 634 ,
C
632 kX = WOLD
Y = ROLD
Ay = AOLD
RN = KNEW
FA = ONZH
[ AN = ANTH
18 = 0
C

3L CALL SPICTRA (AN yKNg NG KoLy TOCLAY WMIN,WEELTA,A,3N) :
IF(FRIN.Z0.0.) GC T0 335 :
FRINT L40,5TFFS ISy Wy RN gAN, WXy RXyAX, TOL LAY, CNEW, ENERC Y
IF (STFPS,T0e14) GC TO o3&
FRINT 420

420 FCFMAT (1M )

635 CMER = ((IXPWX)/Z(ON*H) ) # (1, +GMEWYZXF ((-FI2*MN*AN) /JHN)) -1,
IF (EPPORGNCe1.) CAEW = 0,

CTLELAY = TOELAY + N¥PI2/WNZH J

IF (LAST2. 20,13  GC T0 619 '
. : IF (LAST3,%0.1) GC TO 519
€C 70 o007 :

CELLES CONTATNS A NOPAALIZED ONE-STLELC ZNCSRGY SFECTRLY
THAT IS J0PMALTZEC 10 ONE JOULE UNCER T#1 CURVE OF
wCLLES PZR LNIT FFcQUIMCY,

[aEakeNaRe!

€1S FRIRT 411,=NERFEY
411 FCRMAT(//,75,*TCTAL STREAM ENERGY = *H1FE12.L,42X,*
1SCLLES* 0 /)
CC f04 TJ = 1 4, L

S04 GCULLES(IU) =({RTA(IJI**24CLXCTI NI **2) FENEFGY) ¥ 2. 1
r
3
c INTEGRATI THe NCOMALTZZD ENERGY SFe(TruUr,
ARER = DN,
LF = L=t . - .
CC £0¢€ IZ L : ’

= 1,L

506 ARch=(((JOULES(IC+1)+JOULESCIE)) /2. ) *WIELTA) /FI2Z + BRESD

FRINT 412,ARF A ;

412 FCAMAT(LH ,TT,*THE ENIPGY IN THE NCRMALIZEDN ENERGY EANC
1 1S *31PI12,4 42X, "JOULIS,¥/) '

JCLLES IS SAVEC FLF TISSIBLE FERMANENY STCRACE.
THIS STO2AGE CIVICS COULD PZ A MACNETIN TAPS CR AN
CFERATING~SYSTEM=-COYTROLLED FERMANINT CISC FILE,
ERzZ ¥ASPACE/FTZ
WRITE(Z) LyFLChyFRINK,EMEA, STIP S, LOUC,FMIN,FMAX,
r (:) , FSFCCTH, L ,FRAC%, LS, ¢4, SFOTOP,APEAN
: PRITE(3) ¢JCULFS{IT), IT = 1,L)

Ao on

IF (RANDO44%0sC.) CC TO 6L3I ) . -
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(f§ C FURCHES & SET CF CARDS SC THE RANCCKM STREAM (AN 3E
s ¢ LSeD AGAIN,
C

FLACKH 22, (STCEAM(IC), IC = 1,LS)
422 F(FFAT(7211)
643 K(C = K-1
FEINT 403, (STRAM(IZY,TZ=1,%0)}
402 FCRMAT(IH , TH,*THE °OIT STREAM FOR THIS FCWFER SPECTSUYM *,
1¥RPER/7(TS, 72110

FRINY 413
413 FCRFAT (14=)
C
JF(FICT.Z0.0.) GC TN 5LO
c THIS FILLS THE AFRAY RATIO WITH FRTCUENCY VALUES.
£C S0% I = 1,L
505  FATIC(IL) = (IL=-1,)*F3ZLYA + FMIN
C
c THIS IS THZ PLACE AN APFEAY PRINTINC RCUTIMI SHCLLC
C BE LOCATED FCr PRINTTING THE CONTCNTS CF THE ARRAYS
C +CULES ANU RATIC ( THE SPECYPLM ANC THE FRECUENCY
C VALUES)  THL ALTHQ? ALWAYS UXIN o FLCTTING S0UTIANZ
C SO0 AN ARPAY FLCTTFR IS NOT SHCwWN, THEY AFE
C FASILY FOUNT In FURTRAN TEXT PCCKS,
C
C IS THT CALL TC THZ FLOTTING &CLTINC.

> )

ThIs IS THS
O EMLRCY = ARE
CALL FINTUZE (LyFLCH,FATGH,FMEAN, STEFS,3ALC,FMIN,FYAX, SHCCTH,
1CEL,ERRIR LSO )

C
; o CLEARPS RZA AML CLX A20AYS
: 640 CC €03 “N = 1,L
\ FER(MN) = 0,
€03 CLX(MN) = 0,
C
} C FESET INTIREAL VALUES PPIOR TO PRCCSSSING A MW STRLAM.
i £171IMF = 10,
! ENERCY = 0,
i TCELAY = 9
1 Ji = 0
{ .+ =10
i 7ERCES = 0
! crES =0
: K o=
C IF THE LAST BIY Ih THI STRTAM IS A ThCy THSN THE
C FRAGRAM LOGKS FOR ANOTHEIQ BIT STRESBM CM CAEDS,
¢ TF THE LAST PIT IN THT STRTAM IS A THRIL, THEN THZ
C FROGRAM LOCKS FOR AMOTHTR S<T CF FARAMETER CARDS &AC
C PMOTHE? SET CF BIT STRSAM CAROS,
! c IF THi®EZ ASE MNC CAFRDS, THe FRCCRAM STOFS,
! IF (LAST2.EQ.1) €GC TO 620
(:) L2S13 = 0 .
CC T0 608
' 620 L2ST2 = 0
¢C 1C 622 ' ~
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e XeRal

ey O N

o]
=
)

601

500

1IFF I RDICTAAY TR T

CCMMCOHN RIAB(PIVIY, CLX(2003), EMERGY
RepL IM

FI1Z = 2,4%3.1615¢2¢836

pP1 = A

+ [ WL

A EXP((=PI2*N*ANEWY /HNEW

C €00 1T = 1,L

WMIN 4+ (T-1)*LCELLTA
ANCHT*2 + WACh¥#2 -« RW¥%2
2e¥ANEW*W

(PI2*N=W) /WA H

WHAEH"*2 = h¥¥g

coscm)

r
"
3
C
¢
t
F
G STN(D)

L L T I T L T L1}

(LT = WNIH=-(1eZ-7)*HUIK

LCLT = WHEHW + [(1,E-7)*WNEW

TF(h:CEeBUTWANTC (W.LE.UCUT) GN TO 206G

FE =0((1+=F) *WhER) 7L+ (GCLEFWNEW® (S=A¥CFF AN )/ (R¥¥g
1+4C**2))*Y .

I S ((UNZW*G) /- + (COLDMWMNEW  (A*C*F-( 42208 3) )/ (E**24+C¥%2) ) ¥k
€C 70 601

THIS IS THEZ LIMIT FUNCTION WHeh W = WATh,

o

T o= HR({GILNYaREh® (ANDNT¥2% {1.=A33)/
ENEWP¥2% (ALLh¥¥Zal * N F h"%2)))

TV = (=PI2*N*F) /(7. *HN2W) +

T CCCLO®WNTIH* ¥ (=C¥(1,-2))) 7 (ANCK**z*
2UENER +%2 + L TWNFR®%2))

€C 10 o1

3
(

i

Y
7

CosS{uW*ToEL2Y)
SIN(H*TOLLEY)

[T 1)

FEA(L)Y = (RF¥Y + IM*7) + RIA(I)
CLX(T) =(IM*Y - PE¥7) & CLX(T)

O]

CCMTITINUZ

CALCULATION OF THE ENIRGY IN THIS S

rn

FIES CF FARKS 0Ff SFACES,

FIZ2*N) 7( WN-"W*2.)

(Lo*GOLD WP ER®*2) 7 (ANCH**T 4+ 4, *ANEH*KACK?*2)
EXPO{-PI2*NFANCH) / (WHEW) ] =1,

((GOLOD"KFNZW)I* (GCLI*WAEH) ) /(L o *ANEW® 2 2,44 J*ANFH*WREW®9Z )
FXP((=2,*FIZYLNTN*N) Z{WNCH)) =1, .
= ENERCY ¢+ (R**2) *(0=F*Q-R¥%)

[
F
C
k
g

LU LR | I LI N

>N
-
m
n
3]
-

= Al
RETLPHN . -
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SMOOTHING POYT- A=
-——-.-—-”'*‘Mm‘%-—‘—“

TE(SMCOTH L1, (C T3 oty

BREAY LI(1M) CONTATHS IX woRps FECr =28 (1)

ARFAY (T(17) COATAINS 4 LIvcaR ATERCYXIMWTICN TO LTy,
I IS THZ numesi CF ARRAY WORGS I THE EMCCTHING RCLTIMES

rc
TF(
Ix

e

£23 M3 = 4,5
*PEA, 1)
= L/(3,5De )

CC TC 354

TFCIXeLT,4) cr ye £5%
IFUI¥.6T,50) Gg TC €8
It = 1

Ir = 1x

CC 10 e59

I» = 2

o= 1

Iy = Iy

LCfr nmrRavy L1y,

¢ c2n MX=1,TIx
LIerY) = RIACTIL~1+MX)
LTaixy = Lrerx,

L7 (1)

CRLCULATE MIPLCLE (LINCAR VALUSS FCR LT(¢10) ANC TEST aAcaInsT

= LI

MITCLE vaLure cf LItin,

yZ? =

IX=2

LC €21 nmy 1,%77

v¥e o=

MY + 1

LTS) = Lr(1y 4 (LLICIX) - LIc1))) 7 (Ix=1) = My
TFASHCT09, 20, 1.9 G0 T9 £23

TFALIOMS) oGT, LT (Mey) 50 T¢ 6572
CCATINUS :

IMNCREASE MI1pDL: FLAG) VALUZS To ECLAL MICOLE LT VALL ¢S,
CC ®27 vy = 14,47

¥l = v+ 1L

PO = MA 4+ 4

FEA(MT) = LT~

.....

INCREMENT THE FCINTERS AND TEST FCR ENC CF Rebd(y,
IL = TL+1
Ir = THeq
TFM.Lz. L) 6L Y0 €50
CCATINYS
CCrTINUE

s ik
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r % T N & X noX o3 om FORAMETER CARDS # % % % & » ¥ » = x %

VEFRMITE 2 CAPCS F(R 4 TYFICAL RUN ARE SECWN FZILQOW,
AMARK £MNC REMARK AP- (UMMY 7ARCS ONLY IF THFCSE TR VALUZS ARL
MOT CALCLLATID WTTHIN THF FROLGRAY, NOTZ THAT L ANOC LS ARE
INTEGEF VEALU:LS, THE CIT STRI_AK CONTALINS £€C RANNCHM 2ITE
WHICE ARC ENJOTI 3Y A (3) To CAUSE A NOW FARAMTTER SCT AND O
MW FIT STFLAM TC RT fFZar IN, IF LESS TrAKR LS EITS ARE TN
YOUR FERTITULAR AT STFEAM ON (CARJS, YCU MUST STILL FEOVICEC
EMGLCE FLA2K® CARNS €= BLANK BITS TO FILL LE WCRCS CF THZ
LARPAY STREAR™,

27400, FHIGH

2o€lD, FLCK

250, EVARK D1i4vY
206.1 ASFACE

1600. EoLC

25400, FMIN

ZOE0C, FYAX

0. GAMVA

2o FYARK QUMMY

.28 . RSFACE

1, ) B AFELITUNE

1. : STEPS

0, FIrT

0, FECIN

1. = SVOCTH

75, (3

i. ERRCEK

Ceo RANDCH

1. SHQTOF

401 L CAFRC

1000 LS STREAY LENSTH
yrcclumn w1 column # 12 —1
11046C0111€C10411 013111100007 LN11160401C4300104144

0o011CrCCiInn1ige1a110c1lr
1110115 CICCINN L1289
1114014:14C0101111100411°
$41040C01CC50011400Q000¢

.111100¢410C1330C2C1C0C1
JCo0co010114C00111031¢C00C(
s;ditt111010110111413¢01¢CC1
11010003011 CCCeCICC1193d

0100CCH3IC1IMP0L110100C1 , 1110101011401 CC11CCIC0C1d
i110131CCc1C0101109300¢C1 0101101011000111201901CC
1ig1ccccosstoatntence (010101101C11CC110131C1 "
t11011111C001070110¢CT 1101€001000111C0191C3111114
0010113c3010191111n1 6001130110t11100¢0c0cocyCes
011100101C131410110° 146100411021C00311CC3C1133
1100C11C41010110009 111000€01001110CCCCIC111CH
11030012C0C3C00110° .1101101140110CG16GC13(0CCTL°
€001161111010000° .€01030103€011101413C0¢2 f
f
87 /
’ /
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Appendix B
Q

Ideal Specrra for M = 1/2

The plot of Fig, B-1 is a normalized power spectrum for
a constant amplitude frcquency shift key signal with a modu- i
lation index of 1/2, The plot was provided by John Gamble,
the sponsor for this thesis, The analytic expression for
the spectrum is referenced as Bennett and Rice's werk
(Ref 1:2384).

The plot is normalized to a vaiue oI one watt per unit
frequency at the center frequency, FC. That normalizaticn
technique is diffcrent than that used for the plots in the

(:> body of this thesis; they were normalized to one joule under
the entire spectrum of joules/unit frequency, The change

11os to watis makes no dittcrence, however, because

unit power is the integral of unit energy for one second; i
i,e,; the normalized spectrum is the same regardless of
whether joules/unit frequency or watts/unit frequency is
plotted on the ordinate, The important information conveyed

z by Fig. B-1 is that the main power density or energy density

g hiasuoutl

lobe widch is 1,5 times the baud rate (B), and that the

P side 1lobe widths are 0,5 times the baud rate, 1

3
1
T
:
é
s
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